A beta-ray monitoring technique has been developed to measure the resin content during the manufacture of prepreg unidirectional tapes by solution impregnation process. A series of calibration relations have been obtained for aramid, carbon and glass fibres reinforced epoxy prepreg tapes, and good agreements with resin content have been shown by the beta-ray system and conventional solvent extraction method. Moreover, the effect of the variation of the fibre areal weight on measuring accuracy has been analysed.
INTRODUCTION
As we know, the mechanical properties of advanced composite structures using pre-impregnated fibres (prepreg) depend critically on the prepregs resin content [1, 2] . Some testing standards of the resin content in prepreg materials have been established such as solvent extraction, burn off and acid digestion. However, these methods are unsuitable for continuous measurement of the resin content during the manufacture of prepregs due to the excessive time required and the destructive analysis of the specimen.
Recently, a series of investigations on the measurement of the resin content on-line have been carried out in succession, in which the methods utilized include the gamma-ray reflectance [3] , ultrasonics [4, 5] , photometry [6] , nuclear magnetic resonance [7] and beta-ray transmission [8, 9] techniques. Moreover, the assurance of the resin content on-line has been studied by the methods of adjustment of the pressure rollers and the concentration of resin in the impregnation bath [10] .
With respect to the beta-ray transmission method, many factors, which affect the accuracy of measurement, still exist. In particular, the stability and deviation analysis of the measurement have not been studied in any great detail. In this paper, a beta-ray monitoring system has been utilized for on-line measurement of resin content in unidirectional prepreg tapes. A series of calibration relations between the values of resin content and the output signals of the beta-ray system have been established for a set of different fibre prepregs, and the effect of variation of reinforced fibres on the error of the experiment have been presented and discussed.
MONITORING PRINCIPLE AND EXPERIMENT 2.1 Fundamental of Monitoring
The theoretical basis of the beta-ray monitoring system is that the energy of beta-ray is attenuated when it penetrated the prepreg specimen. The attenuation of the beta-ray energy is correspond to the exponential principle:
where, I 0 and I are the energy before and after betaray penetration of the specimen, respectively; m, r and c are the absorption coefficient, density and thickness of the specimen respectively; and rc is Y.D.Huang, L.Liu, Y.F.Sun, J.H.Qiu, N. Nakayama, T.Kumazawa the areal weight of the specimen, i.e. mass per unit area.
For the fibre/resin prepreg, both the resin and the fibres will absorb beta-ray, consequently, m, r and c of the prepreg may be divided respectively in to two parts: m r and m f , r r and r f , c r and c f , where the subscripts r and f denote the resin and fibre respectively. Therefore, equation (1) can be written as:
(2)
If the values of areal weight of the fibres are assumed constant, the energy attenuation due to the fibre action may be constant, and then equation (2) is written as:
Therefore, the resin content in prepreg tape is given by:
Procedure of Measurement
The solution impregnation method was used to manufacture the unidirectional prepreg tapes. Three kinds of fibres, aramid, carbon and glass, were selected respectively as the reinforcements, and the values of their linear-density were analysed. The resin was epoxy EPO 1441-30 of Shell Chemical Corporation, acid anhydride as the curing agent, N,N-dimethyl benzyle amine as the accelerating agent, and acetone as solvent. The impregnation procedure was shown in Fig.1 . The prepreg tapes were produced at the speed of 6.0 m/min, and the width of the tapes was 4.0 mm.
The beta-ray monitoring system established in this paper includes a beta-ray source, a scintillation detector (which consists of a scintillator, a photoelectricity multiplication tube and an amplifier) and a computer. The diameter of emitting window of the beta-ray source is 3.0 mm. The beta-ray system was assembled on the site between the take up mechanism and the dry tower as shown in Fig. 1 . Two pairs of convex and concave rollers were placed in front and back of this system to ensure the width of prepreg being precisely 4 mm. In the test, the beta-ray penetrated the prepreg tape, and then was received by the scintillation detector. At the same time, the values of the output signal I/I 0 were recorded by the computer. In the whole period, the distance between the prepreg tape and the detector must be kept constant and the fluctuation of the tape must be minimized so as to ensure the precise measurement of the resin content.
The conventional solvent extraction method, a kind of destructive measurement means was utilised to determine the resin content in above prepreg tapes according to ASTM-Test Method C613. The prepreg tapes that covered the range from lower to
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higher resin content were measured using the betaray system and the solvent extraction method separately. Thus, the calibration relations between the resin content and the output signal (I/I 0 ) were established.
RESULTS AND DISCUSSIONS 3.1 Analysis of Calibration Relation
For different prepreg tapes, the relation between the resin areal weight (r r c r ) obtained from solvent extraction method and the energy attenuation (I/I 0 ) displayed by the beta-ray system were plotted in Fig. 2 . Moreover, their quantitative formulae were obtained by the least-squares method; the regression coefficients were 0.9325, 0.9723 and 0.9587 for aramid, carbon and glass fibre prepregs respectively. It was indicated that the three exponential curves were reliable.
According to equation (3), in fact, the values of m r are the same in the three prepregs due to the same resin system, i.e. the three exponential curves are supposed to be parallel. However, in Fig.2 , comparing with the quantitative formulae of carbon and glass fibre prepregs, a relatively higher value of 1/m r was presented in that of aramid prepreg. This was considered the result of variation of aramid fibres. Table 1 listed the analysis results of the reinforced fibres; the aramid fibres presented the largest deviation value (1.32 %) of the areal weight. At the same time, these results were accordant with the correlation coefficients of the three quantitative formulae.
Substitution of the three formulae into equation (4), respectively, the calibration relations for different prepreg tapes were finally obtained. Based on these calibration, we may directly measure the resin content in unknown prepreg tapes. A series of examined results were listed in Table 2 . By comparing the values in resin content determined by the two measurement methods, the slight deviations were observed, which indicated the beta-ray system was comparatively accurate to determine the resin content in prepreg tapes and the results are reliable.
Furthermore, comparing the deviation values of resin content in the three kinds of fibre prepregs, the maximum deviations of 1.8% for aramid/epoxy, 1.0% for carbon/epoxy and 1.4% for glass/epoxy prepregs were obtained. Obviously, the deviation for aramid prepreg was the largest in the three prepregs; this was due to the relatively large variation of the areal weight for aramid fibres discussed above. Therefore, the steadiness of the reinforced fibre was a critical factor to influence the monitoring accuracy in this experiment.
Theoretical analysis of monitoring accuracy
The effect of the variation of fibres on the accuracy of measuring the resin content has been theoretically analysed. According to equation (2), with the variation of fibre areal weight, the measurement error of resin areal weight can be written as:
Combined with equation (4), the effect of variation of fibre areal weight on the measurement error of resin content was given by: It was clearly shown that the measurement error of resin content proved to be very sensitive to the values of m r and m f . Moreover, the error was increased with the increase of m f /m r and d(r f c f ). In the case of the (6) resin content was 30%, the maximum measurement errors of resin content were 0.48% for aramid, 0.29% for carbon and 0.30% for glass fibre prepreg respectively. The analysis was good accordance with the experimental results.
As far as the fibre variation greatly influenced the measurement results, it was necessary for aramid fibre/epoxy prepreg to compensate for this by installing another beta-ray monitoring system to detect the dry fibre before it was impregnated with resin solution for high-accuracy monitoring of resin content. However, it was very difficult to do because the width of fibre tape was only 4.0 mm. This work is ongoing.
On-line Adjustment
In the process of prepreg tape manufacture, it was found that the resin content was influenced by various factors, such as the concentration of the resin in the solution, the running speed of the prepreg tape, the circumstance temperature, and the gap between the pressure rollers of the impregnation system etc.. Furthermore, their relations were very complicated. Therefore, it is usually difficult to ensure the uniformity of the resin content by maintaining these factors mentioned above. In this paper, the on-line adjustment and control of the resin content have been carried out by adjusting the resin concentration in the impregnation bath, as shown in Fig. 1 , based on the real-time value of resin content displayed by the beta-ray system.
Although the maximum measurement error was presented in aramid fibre prepreg system, the monitoring and adjustment of its resin content have been investigated during the long-term manufacture process. Fig. 3 indicated the changes of resin content in aramid/epoxy prepreg tapes before and after adjustment. It was clearly found that, in the case of non-adjustment ( Fig. 3 a) ), the resin content changed to a large extent during the manufacture process. After adjustment ( Fig. 3 b) ), the resin content could be controlled within a relatively small range (about ±2%) of a target value. The results proved that the beta-ray system is very useful in prepreg manufacturing for quality control.
CONCLUSIONS
A beta-ray monitoring system was developed to continuously measure the resin content in prepreg tapes for solution impregnation process. The investigation results indicate that the system was more effective to measure the resin content of prepreg unidirectional tapes in real-time, and the measurement accuracy was proved to be within ±2%. Moreover, the theoretical analysis showed that the monitoring accuracy mainly depend on the variation of the reinforced fibres and the absorption coefficient of the fibres for a given resin system.
